Hyperspectral and multispectral imagers have been developed and deployed on satellite and manned aerial platforms for decades and have been used to produce spectrally resolved reflectance and other radiometric products. Similarly, light detection and ranging, or LIDAR, systems are regularly deployed from manned aerial platforms to produce a variety of products, including digital elevation models. While both types of systems have demonstrated impressive capabilities from these conventional platforms, for some applications it is desirable to have higher spatial resolution and more deployment flexibility than satellite or manned aerial platforms can offer. Commercially available unmanned aerial systems, or UAS, have recently emerged as an alternative platform for deploying optical imaging and detection systems, including spectral imagers and high resolution cameras. By enabling deployments in rugged terrain, collections at low altitudes, and flight durations of several hours, UAS offer the opportunity to obtain high spatial resolution products over multiple square kilometers in remote locations. Taking advantage of this emerging capability, our team recently deployed a commercial UAS to collect hyperspectral imagery, RGB imagery, and photogrammetry products at a legacy underground nuclear explosion test site and its surrounds. Ground based point spectrometer data collected over the same area serves as ground truth for the airborne results. The collected data is being used to map the site and evaluate the utility of optical remote sensing techniques for measuring signatures of interest, such as the mineralogy, anthropogenic objects, and vegetative health. This work will overview our test campaign, our results to date, and our plans for future work.
INTRODUCTION
The detection, location, and identification of suspected underground nuclear explosions (UNEs) are global security priorities. Currently, international nuclear explosion monitoring relies on sensors recording prompt data, such as seismic or infrasound, to generate this information for suspect events. While seismic and infrasound can generally locate potential underground nuclear tests, additional sensing methods may offer improved location and characterization by supplying complementary information that can confirm or build on the observables produced by prompt techniques. One promising sensing method for this application space is optical remote sensing. Optical remote sensing is attractive because it is unobtrusive, can search large areas efficiently for site location, and can resolve surface features in fine detail for site characterization. When combined with information collected by other techniques, optical data products may offer important evidence regarding the nature of activities at a particular area. For example, combining optical data with known or estimated subsurface geological information may allow for the location of postevent surface fractures that can be important access points for in-situ verification techniques.
Testing the hypothesis that optical remote sensing data can assist in UNE detection, location, and identification requires building a knowledge base of UNE signatures that could manifest as observables in optical remote sensing products. Declared and accessible nuclear test sites provide a unique opportunity to collect against UNE test locations. The Nevada National Security Site (NNSS) is a legacy declared nuclear explosion test range in southern Nevada that has been the site of over 800 UNE tests in a variety of different geologies (e.g., tuffs, alluvium, and granite) and emplacement configurations (tunnels and boreholes). Although the United States entered a moratorium on UNE testing in 1992, the site remains a living laboratory that is accessible for characterization of the non-prompt and pervasive signatures that can be produced by nuclear testing. This work took the approach of performing comprehensive collections against a single site at the NNSS, with the long-term vision of adding additional sites to the data library over time. The work summarized in this paper was accomplished at a legacy UNE test site in Area 20 of the NNSS known as U20az. U20az is the site of a vertical borehole emplacement configuration in a thick sequence of volcanic tuff [1] .
The optical remote sensing products that are of particular interest in this application space are high spatial resolution imagery, spectrally resolved imagery, and digital elevation models. Hyperspectral and multispectral imagers have been developed and deployed on satellite and manned aerial platforms for decades and have been used to produce spectrally resolved reflectance and other radiometric products. Similarly, light detection and ranging (LIDAR) systems are regularly deployed from manned aerial platforms to produce a variety of products, including digital elevation models (DEMs). While both types of systems have demonstrated impressive capabilities from these conventional platforms, the UNE test site measured in this work is in a remote, topographically varied area that is difficult to access and achieve sufficient spatial resolution using manned or spaced based platforms.
Commercially available unmanned aerial systems (UAS) have recently emerged as an alternative platform for deploying optical imaging and detection systems, including spectral imagers and high resolution cameras. By enabling deployments in rugged terrain, collections at low altitudes, and flight durations of several hours, UAS offer the opportunity to obtain high spatial resolution products over multiple square kilometers in remote locations without the need for an airfield. Taking advantage of this emerging capability, our team recently deployed a commercial UAS to collect hyperspectral imagery, red-green-blue (RGB) imagery, and photogrammetry products at a legacy underground nuclear explosion test site and its surrounds. Ground based point spectrometer and geodetic control data collected over the same area serves as ground truth for the airborne results.
This paper overviews our test campaign in section 2, our results to date in section 3, and our plans for future work in section 4.
DATA COLLECTION
The UAS platform used for this work is Class 2 fixed wing solar electric system developed by Silent Falcon UAS Technologies, depicted in Figure 1 . A small fixed wing UAS was selected due to its suitability for the remote and large area mapping activities needed to characterize the legacy UNE site of interest. Specifically, it is long range, long endurance, portable (transportable in a standard pickup truck), and payload flexible. Furthermore, the fixed wing UAS can maintain flight at low altitudes (compared to manned platforms), enabling the collection of high spatial resolution imagery products using commercial off-the-shelf RGB DSLR cameras. The specifications for the UAS deployed are also provided in Two optical sensors were deployed by UAS to collect the data products of interest. For hyperspectral imagery products, a commercial off the shelf linear pushbroom visible and near infrared (VNIR) hyperspectral imager (HSI, a Headwall Photonics Nano-Hyperspec) with an onboard GPS/IMU was used. This system offers 640 spatial bands and " 270 spectral bands over a wavelength range of λ = 400 -1000 nm. For high spatial resolution imagery and digital elevation products (via photogrammetry), a commercial DSLR camera with a standard Bayer RGB filter (Sony Alpha II) was deployed and integrated with the onboard GNSS navigation system. Due to payload size and weight restrictions imposed by the UAS, each sensor was deployed sequentially. Photographs of the sensors integrated with the UAS platform are provided in Figure 2 . To provide robust geodetic control, sixteen ground control points (GCP) were established in the field in areas primarily at the peripheral extremities of the project area. GCP panels were established in a checkerboard pattern around monument points (see Figure 4) . The panels were designed to provide obvious contrast between target and background desert terrain in both RGB and VNIR hyperspectral imagery. Three calibration targets were laid out in proximity to one another and consisted of two gray scale 3x3 meter reflectance panels (a dark 6.5% and light 56%) and one 8'x10' Tyvek panel (see Figure 4 ). Wind conditions limited flying hours to the morning and hampered the platform's ability to stay on planned lines, leading to incomplete collections over the AOI. Data collection flights are summarized in Table 1 . Ground based point spectra were also collected in Area 20 of the NNSS as ground truth measurements for the airborne HSI data products. An ASD, Inc., FieldSpec 4 Spectroradiometer was used to collect the spectral point data. A white reference (Spectralon target) was measured after every 5 target measurements. Multiple spectral data were collected for each feature measured. Each target was measured using a 25° field of view optic from a height of approximately 0.5-1 m above ground surface, depending on the target size. In total, approximately 200 point spectra were collected.
DATA PROCESSING
Several processing steps were implemented to convert the raw data into imagery mosaic products for data analysis and interpretation. For both the RGB photographs and HSI products, geodetic control processing was performed.
Observed control was processed according to NGS Online Positioning User Service (OPUS) procedures [2] . Control coordinate values (northing, easting and orthometric height) were incorporated into photogrammetric and geometric correction. In addition to control point measurements, a variety of additional geodetic point measurements were recorded in the field and subsequently corrected. These measurements were collected on manmade features such as sheets of plywood and metal piping that are photo-identifiable in collected imagery. Select trails were also mapped while driving (by ATV Mule™ or truck) with edge of trail points collected by the GPS receiver.
After geospatial control processing, raw data from the RGB photographs and hyperspectral imagery were processed using separate approaches.
RGB Imagery Processing
For the RGB photographs, automatic white balance adjustments were applied to the imagery and the data were subsequently batch processed to full frame JPEG files for photogrammetric processing. Once image preprocessing was completed, all captured frames were loaded into photogrammetric processing software to align camera positions and derive exterior orientations. Some photos with poor orientation in flight line turns would fail to match other photography from flight, suggesting substantial positioning errors or lack of stereo overlap in these photos. A total of 3,551 photo frames were aligned and processed with positional data. On completion of initial point matching and photo alignment, control data were loaded and measured on photos. Seventeen ground control points were measured in the RGB flights. Measurement on photos involved locating the control point coordinate location in each image in which the control targets appear. The average number of photos measured for each control point was 21 images, illustrating a high degree of overlapping image coverage over the site.
High density point cloud data were derived through image autocorrelation for processing a digital surface model suitable for orthorectification of the photo frames. This high-density point cloud, comprised of approximately 872 million points, was interpolated into a digital surface model (DSM) with a resolution of approximately 10 cm, as depicted in Figure 5 . Initial automatic mosaicking of the orthophotos revealed color balance issues due to the combined acquisition dates and variable illumination conditions over the three-day collection campaign. Issues were most noticeable in areas that may have been shadowed by terrain during a majority of the early morning acquisition periods. To address these variations in the final RGB orthomosaic, mosaic seamlines were manually edited to provide consistent image composition over these areas. The full 8-bit RGB orthorectified mosaic was output to GeoTIFF file format with a pixel size of 0.025 meters and an overall image size dimension of 190,000 columns x 110,000 rows, as depicted in Figure  6 . The final RGB mosaic covered 4.4 km 2 , and 72% of the collection AOI. The RGB data product would become an instrumental baseline dataset for support and geometric processing of the hyperspectral image datasets. 
HSI Processing
A total of 431 hyperspectral images were collected over the site. The VNIR imagery were first processed from raw data image format to radiance images. Radiance processing was performed in Headwall Photonics, Inc. SpectralView™ data processing and analysis software. Each radiance cube was processed using the sensor spectral radiometric calibration parameters to yield a radiance cube in units of mW/(cm 2 *sr*m). Next, the radiance data cube was processed to reflectance imagery by applying scale and offset values derived from ground target reflectance panels captured during the overflight. These parameters were developed using the empirical line correction (ELC) method. An image data cube with all three panel materials clearly visible was selected as the baseline image for atmospheric correction and ELC calculation of in-image target reflectivity. Laboratory derived spectral curves for each of the ground target materials were loaded for comparison to imagery. The derived slope and intercept correction is based on the area averaged reflectance spectra for each of the three target materials. The scale and offset values derived were then applied to convert each input radiance image to a reflectance image.
Transformed reflectance images were next orthorectified in SpectralView. All reflectance images were initially orthorectified to a 10 cm pixel orthoimage in WGS84 (latitude longitude) coordinate space. Image positions were then refined using a tie point matching process that matched the HSI against an RGB mosaic. Since the RGB collection did not obtain 100% coverage of the AOI, the matching mosaic was generated as a combination of the 2016 imagery and legacy 2014 imagery. Of the 431 acquired data cubes, 428 total images were successfully rectified using the combination of manual and automatic tie points. The results of the geometric processing steps [3] were evaluated at the ground calibration panels to verify that no significant alterations in the reflectance values were made by these geometric adjustments. Although the geometric positioning of the orthorecitifed data has been enhanced with tie point matching, it does not correct for internal geometric errors within a cube (e.g. repeated data, missing data, etc.) inherent in the original orthorectification. Some of these internal aberrations in the orthorectified imagery may be a consequence of rapid altitude change during flight [4] . A hyperspectral mosaic was then assembled using seam lining techniques based upon the calculation of mean reflectance values in overlapping image areas to minimize tonal variations in the mosaic [5] .
A total of 415 VNIR images were mosaicked with 13 images in the landing zone area excluded from mosaic processing. Mosaicking was performed on a band basis using mean values for relative radiometric normalization. A qualitative review of reflectance values at the ground calibration panels after image mosaicking and radiometric normalization revealed some subtle changes to these values. The magnitude of change appeared to show an increase of a couple of percent in reflectivity. Saturation masking was performed on both individual VNIR images as well as +x the mosaicked dataset. For the mosaic dataset, saturation masks were determined by thresholding any pixel value greater than 1.0. Saturation pixels were identified typically on highly reflective materials within the image [6] . In the mosaic, identified pixels occur on features such as white vehicles, Tyvek panels, and bright rock surfaces. A review of the saturation masks shows the quantity of potential saturation pixels varies by individual band/wavelength as well as sensor/terrain geometry. 
RESULTS AND ANALYSIS
The UAS collection campaign and processing efforts resulted in four primary high value data products: 1. A high spatial resolution (2.5 cm) RGB mosaic (4.3 km 2 ) of U20az and it surrounds. 2. A high quality digital elevation model (10 cm) mosaic (4.3 km 2 ) of U20az and its surrounds 3. Spatially resolved (10 cm) VNIR spectral radiance (270 band) imagery of U20az and its surrounds. 4. A spatially resolved (10 cm) VNIR spectral reflectance (270 band) mosaic (5.7 km 2 ) of U20az and its surrounds.
Data analysis work with these products is ongoing. In this section we review some of our principal analyses and results to date.
Comparing UAS Photogrammetry to LIDAR Elevation Products
One key tradeoff studied as a part of this work is the utilization of manned versus unmanned platforms for airborne surveys. Manned platforms are generally larger and can carry more sophisticated payloads for longer periods of time. This involves the cost of mobilization (the need for large airbases out of which to operate), financial cost, and safety limitations (minimum altitudes, no-fly regions). In contrast, unmanned platforms carry much lighter and simpler payloads but can do so with much greater freedom and at much lower altitude and airspeed. This allows for better spatial resolution than is reasonably possible from manned platforms. A weakness of COTS unmanned platforms has been their limited flight endurance, making them infeasible for large scale mapping operations. With the emergence of long-endurance platforms, such as the fixed wing platform used in these collections, UAS operations can simultaneously survey large areas at high resolution. For imagery products, this allows for detection of subtler signatures (see Figure 8) , which would be sub-pixel under traditional collection resolutions. Access to high spatial resolution RGB imagery, collected with a low size, weight and power (SWAP) commercial DSLR camera mounted to the UAS, as a part of a HSI collection provides useful context imagery that assists in the processing of HSI data products. Given that photogrammetry techniques can be applied to these RGB imagery to produce DEMs, there was interest in evaluating the quality of UAS photogrammetry DEMs when compared to DEMs produced by LIDAR systems deployed from manned platforms. If the quality of photogrammetry elevation models is sufficient, the flexibility and robustness of the UAS platform can be leveraged to collect all data products of interest to this effort.
LIDAR data collected over the U20az area in 2014 provided a performance baseline against which the photogrammetry results can be evaluated. Rasterized Digital Surface Models (DSM) and Lidar intensity images were produced for each Lidar collection using raw point clouds. Point clouds were ground-classified using automated methods with manual corrections for quality control. The classified point clouds were then used to produce a rasterized Digital Elevation Model (DEM). Photogrammetric techniques were applied to the UAS based imagery to produce ortho-mosaic, DSM, and DEM products. Processing followed the approach detailed in section 2 and 2.1. The collection parameters are listed in Table 2 . The DEM produced from LIDAR is depicted in Figure 9 ; this can be compared to the DEM from photogrammetry provided in Figure 5 . Table 3 summarizes the calculated accuracies, reported as NSSDA (Federal Geographic Data Committee, FGDC-STD-007.3-1998), for both techniques [8] . An interesting result is that the UAS-based photogrammetric method yielded a DEM with relative accuracy comparable to the LIDAR-based DEMs, illustrated through an example in Figure 10 . In applications such as target recognition, relative accuracy is often of greater importance than absolute accuracy (the opposite is true for mapping applications). This indicates that photogrammetry should be evaluated as a viable alternative to LIDAR for collecting elevation data. These image-based point clouds are representative of a unique capability that provides additional value comparable to LIDAR-based point cloud data generated from the same imagery used to produce orthophotography, with the additional advantage of retaining natural color (RGB) or near-infrared (RGBI) if available.
Photogrammetry represents a simpler alternative that is often cheaper (i.e., the cost of deploying a UAS with a DSLR camera versus a helicopter with a LIDAR sensor), and can collect higher horizontal resolution (large number of pixels). LIDAR may still be preferred when absolute accuracy is a priority or if there is a specific benefit (such as when collecting data at night, when penetrating thick vegetation, or when needing depth information in real time). 
Spectral Imagery Segmentation and Classification
Several exploitation strategies have been developed for extracting a variety of signatures jointly across different data modalities. For example, vegetation can be detected spectrally via the modified simple ratio [9] (see Figure 11) or by examining the surface models for local conical deviations. New method development has emphasized integrating HSI with elevation, high spatial resolution RGB, or other data products to expand the signatures that can be detected. By fusing detections from orthogonal modalities, unique signature properties can be measured independently, thereby increasing overall detection confidence. For example, see Figure 12 , which employs a graph-Laplacian spectral clustering algorithm for large scale terrain clustering across imagery and elevation.
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,r Another technique under investigation is the integration of the different spectral imagery modalities (HSI and RGB) collected for improving overall scene labeling [10] . Specifically, although the HSI data provides highly detailed spectral information, the relatively low spatial resolution results in a susceptibility to mislabeling, especially for mixed pixels. Our hypothesis is that the three-band high spatial resolution RGB data can be used to effectively un-mix these pixels and produce a combined product with improved labels. The resolutions of the HSI and RGB imagery are 10 cm and 2.5 cm, respectively. Our goal is to label pixels of the high resolution RGB image using both HSI and RGB data. One challenge is that spatial misregistration between the RGB and HSI products is a significant source of error for this technique. This challenge is exacerbated for our work because the RGB and HSI data were not collected together or under the same GPS conditions (the RGB used the platform GPS/IMU, while the HSI sensor used its own unit), and the amount of misregistration between the RGB and HSI data varies spatially across the image.
To test this integrated technique, seven classes are used to label a sample portion of the imagery area (test image). These classes are named road, broken rock, undisturbed dirt, orange dirt, plant, vehicle, and building. For each class, several dozen truth (reference) spectra are hand-labeled from across the scene using points from the airborne HSI data. The test image is then labeled using the following techniques: 1. Pixel-by-pixel labeling using HSI only: Use a support vector machine (SVM) with a radial basis function kernel to match (label) each HSI pixel to one of the seven reference classes. Label the RGB image according between the datasets. Although additional analyses are needed to quantify and generalize these initial results, the multi-modal labeling approach shows promise to improve labeling accuracy and resolution when compared to HSIonly based labeling.
Finally, the extensive ground spectral point library constructed from ASD measurements will be used a basis for additional signature matching against the VNIR HSI reflectance mosaic. Detections against this library will then be used to produce class polygons over the entire scene. This will allow spatial analysis of various signatures, such as plant species or soil type, that were collected in the library.
Integrated elevation and spectral modalities for enhanced DEM classification
Enhancing the ground classification process for DEM production is critical for mapping and understanding of UNE surface effects. Producing an accurate DEM relies on the ability to successfully remove vegetation from a digital surface model (DSM) without also filtering rock and surface damage. Leveraging spectral and color information, which can easily distinguish vegetation from earth materials, may improve the accuracy of these products. Figure 14 shows a LIDAR DEM that could benefit from such an approach; the DEM clearly shows surface fractures present along the rim of the canyon to the west of U20az but also residual vegetation features. Additionally, a number of standard automated ground classification methods that are used in the application of LIDAR ground classification were tested on photogrammetric datasets. Experiments in testing of multiple standard LIDAR automatic classification methods on these image-based point clouds did not yield optimal results from an empirical testing perspective. These methods are oriented to only operate with the image-based point cloud and not introduce any additional supplemental information from available LIDAR. Under these current constraints, a custom contourbased filtering algorithm was developed and applied to derive a ground classification. Common ground filtering challenges at NNSS include rough/discontinuous terrain (with the presence of significant rock coverage on the terrain surface), dense tree canopy (reducing ground visibility to either laser or optical sensors), and/or low dense vegetation (e.g., rabbitbrush). Given the fact that the image generated point cloud data is reflective in nature, it poses ground filtering challenges over vegetated areas and an area of continued research opportunities.
CONCLUSIONS
By utilizing newly developed and long-endurance UAS platforms, airborne remote sensing can now be used to collect at virtually any scale or spatial resolution. Collections can be performed over square kilometers at centimeter levels of resolution. Hyperspectral imagery provides a standoff material property measurement, enabling mapping of vegetation, minerals, ground disturbances, and cultural artifacts. Mapping UNE relevant signatures, such as non-native vegetation or exotic minerals, facilitates site location and identification. Furthermore, these material maps combined with elevation models provide observable surface conditions to inform and refine subsurface modeling. Better spatial resolution improves accuracy of signature mapping, and allows for detection of smaller and subtler signatures, thereby advancing the state of the art in UNE location and detection. Under this effort, extensive surveys have been conducted over the NNSS legacy test bed. This dataset provides a rich resource for future modeling efforts, and is amenable to mapping of new UNE relevant signatures as they are discovered.
Future work should include applying the systems and techniques described here to other locations of interest to the application area, such as other test site locations at the NNSS. In addition, future work should also include integration with other relevant modalities collected for the site, such as commercial satellite imagery to test how additional data fusion may impact results. Finally, one of the unexpected lessons learned from this work was that traditional pushbroom HSI architectures are not well suited to the substantially greater turbulence induced motion that UAS are susceptible to. Future work should consider how alternative HSI architectures may enable collections without the intensive post-processing described in this paper.
